ABSTRACT: Hyperoxia, during development in rats, results in hypoxic chemosensitivity ablation, carotid body hypoplasia, and reduced chemoafferents. We hypothesized that hyperoxia increases reactive oxygen species (ROS) in cell bodies of chemoafferents. Organotypic slices of petrosal-nodose ganglia from rats at day of life (DOL) 5-6 and 17-18 were exposed to 8%, 21%, or 95% O 2 for 4 h in the presence or absence of the ROS-sensitive fluorescent indicator, CM-H 2 DCFDA, and propidium iodide was used to determine the relationship between cell death and oxygen tension. In tissue slices from DOL 5-6 rats, fluorescence intensity was 182.5 Ϯ 2.9 for hypoxia, 217.5 Ϯ 3.3 for normoxia, and 336.6 Ϯ 3.8 for hyperoxia, (mean Ϯ SEM, p Ͻ 0.001, ANOVA). Normoxia increased ROS levels by 19.2% from hypoxia (p Ͻ 0.01) with a further increase of 54.8% from normoxia to hyperoxia (p Ͻ 0.001). In tissue slices from DOL 17-18 rats, ROS levels increased with increasing oxygen tension but were less than in younger animals (p Ͻ 0.01, ANOVA). The antioxidants, NAC and TEMPO-9-AC, attenuated ROS levels and cell death. Electron microscopy demonstrated that hyperoxia damages the ultrastructure within petrosal ganglion neurons. Hyperoxic-induced increased levels of ROS in petrosal ganglion neurons may contribute to loss of hypoxic chemosensitivity during early postnatal development. N umerous studies in mammalian species support a role for peripheral arterial chemoreceptors in stabilizing ventilation at a critical period during early postnatal development, which establishes rhythmogenesis that is sustained throughout life (1,2). The components of the peripheral arterial chemoreceptors are found within the carotid body that is located in the bifurcation of the carotid artery and consists of three major neuronal components that include: 1) type I chemosensory cells, also known as glomus cells, which contain neurotransmitters and autoreceptors; 2) type II cells, which are similar to supportive glial cells; and 3) chemoafferent nerve fibers from the carotid sinus nerve, a branch of the IX cranial nerve, with cell bodies in the petrosal ganglion (PG) (3,4).
N umerous studies in mammalian species support a role for peripheral arterial chemoreceptors in stabilizing ventilation at a critical period during early postnatal development, which establishes rhythmogenesis that is sustained throughout life (1, 2) . The components of the peripheral arterial chemoreceptors are found within the carotid body that is located in the bifurcation of the carotid artery and consists of three major neuronal components that include: 1) type I chemosensory cells, also known as glomus cells, which contain neurotransmitters and autoreceptors; 2) type II cells, which are similar to supportive glial cells; and 3) chemoafferent nerve fibers from the carotid sinus nerve, a branch of the IX cranial nerve, with cell bodies in the petrosal ganglion (PG) (3, 4) .
Exposure to chronic hyperoxia, during the first weeks of postnatal development, depresses ventilatory responses to subsequent acute hypoxia in newborn animals and in premature infants (5) (6) (7) . Hyperoxic exposure in newborn rat pups is cytotoxic to peripheral arterial chemoreceptors as evidenced by hypoplasia of the carotid body and a 41% reduction in the number of chemoafferent neurons (8) . The mechanisms leading to cytotoxic changes in the carotid body and the reduction in chemoreflexes after hyperoxicexposure during early postnatal development are unknown. In other model systems, hyperoxia is associated with increased production of ROS, including superoxide, hydroxyl radical, and hydrogen peroxide, which can contribute to cellular damage via lipid peroxidation, enzyme inactivation, and protein and nucleic acid oxidation, resulting in apoptosis or necrosis (9) . Using a novel ex vivo organotypic slice culture system, we hypothesize that hyperoxia leads to an increased level of ROS and subsequent cytotoxic response in cell bodies of the chemoafferent neurons located in the PG/NG, and this response is augmented during early postnatal development.
METHODS
Rat pups born to time-dated Sprague-Dawley dams were used in experimental protocols approved by the Animal Care and Use Committee at Johns Hopkins University. The rat pups at postnatal day of life (DOL) 5-6 and 17-18 (n ϭ 6 at each age) were briefly anesthetized with halothane and rapidly decapitated. To control for litter affects, a maximum of two rat pups were used per litter in each experimental group. The carotid body and PG/NG complex were rapidly removed en bloc and placed in ice-cold Leibovitz's L-15 media (Invitrogen, Carlsbad, CA). The tissue complex was then embedded in 3% low melting point agar (Sigma Chemical Co., St. Louis, MO). Embedded tissues bathed in Leibovitz's L-15 media were sectioned at 45 m with a vibrating Vibratome (Ted Pella, Inc., Redding, CA), with a blade angle of 35°, a speed of 2, and an amplitude of 8.5, at 1°C, and then placed in Neurobasal media (Invitrogen) supplemented with 0.3% L-glutamine (Invitrogen) and 2% B-27 with antioxidants (Invitrogen) and 1% Pen-Strept (Invitrogen) and incubated at 37°C (21% O 2 /5% CO 2 ) overnight. The tissue slices were then incubated in Opti-MEM I (Invitrogen) without antioxidants and 1% Pen-Strept and exposed to hypoxia (8% O 2 ), normoxia (21% O 2 ), or hyperoxia (95% O 2 ) for 4 h in the presence or absence of the ROS-sensitive fluorescent indicator, 5-(and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H 2 DCFDA, 2 M; Molecular Probes, Eu-gene, OR). Free-floating, serial sections of each PG/NG complex were exposed to each oxygen condition. Two additional experiments were performed: The first was to determine the effect of antioxidants on the tissue levels of ROS in the PG/NG complex in response to varying levels of oxygen tension. The experiment was repeated in an additional group of animals (n ϭ 6) at each age group and exposures were performed in the presence or absence of two antioxidants, N-acetyl-L-cysteine (NAC, 20 mM; Sigma Chemical Co.) and 4-[(9-acridinecarbonyl) amino]-2,2,6,6-tetramethylpiperidin-1-oxyl, free radical (TEMPO-9-AC, 10 M; Molecular Probes). NAC acts both directly as a glutathione substitute and indirectly as a glutathione precursor and TEMPO-9-AC is a nitroxide that acts as an antioxidant and inhibits oxidative damage by removing both extra-and intracellular O 2 ⅐Ϫ . The second was to determine the effect of hyperoxia on cell death in PG/NG neurons in the presence or absence of antioxidants. This experiment was performed in another group of animals at each age group. Propidium iodide (PI, 500 nM, Molecular Probes) was used in the presence or absence of NAC and TEMPO-9-AC during exposure to hyperoxia.
For each experiment, after exposure, sections were washed three times in PBS for 5 min, fixed in 2% paraformaldehyde for 10 min, rinsed in PBS three times and for 5 min, and then mounted on to subbed slides (0.3% gelatin and 0.05% chromium potassium sulfate in distilled water) allowed to dry on a slide warmer for 10 min, and cover slips were applied with ProLong Antifade Kit (Molecular Probes).
Lastly, to demonstrate morphologically which cells were being affected by hyperoxic exposure in the PG/NG complex, electron microscopy was performed on tissue taken from two animals at each age. After the tissue slices were exposed to the different oxygen tension, they were fixed in 2.5% glutaraldehyde for 10 min and processed for electron microscopy. Fixed 40 m sections were washed in 0.1 M sodium cacodylate containing 3 mM CaCl 2 (pH 7.4) at 4°C. Sections were osmicated in 2% osmium tetroxide containing 0.1 M sodium cacodylate and 3 mM CaCl 2 for 1 h at 4°C in the dark, and then washed with deionized H 2 O. Sections were dehydrated in an ascending series of alcohols, washed twice in propylene oxide, and infiltrated overnight in a 1:1 dilution of propylene oxide:Eponate 12 (Polysciences, Inc., Warrington, PA) containing the curing catalyst, dimethylaminoethyl phenol (DMP-30; 1.5%). The next day, sections were embedded in Eponate 12 containing 1.5% DMP-30 for 6 h. Sections were flat embedded between two sheets of Aclar fluoropolymer film (Ted Pella, Inc.), weighted onto a hard flat surface and heated at 60°C for 2 d. Sections were window-cut out with a razor blade and re-embedded in an inverted BEEM capsule (Ted Pella, Inc.) and cured. Blocks were trimmed on a Leica/Reichert Ultracut E ultra microtome, faced with glass knives and sectioned (200 nm) with a low-angle diamond knife (DiATOME, Hatfield, PA). Ultrathin tissue sections were picked up with 2 ϫ 1 mm Fomvar-coated slot grids (Ted Pella, Inc.) and photographed on a Phillips CM 120 transmission electron microscope operating at 80 kV. Negatives were converted in to tiff images with an Epson Perfection 2450 Photo Scanner operating at 400 dpi.
Data analysis. The presence of fluorescence in cell bodies in the PG/NG complex identified ROS via CM-H 2 DCFDA and cell death via PI. The fluorescent cells were detected using filters for FITC (abs/em 494/519). Fluorescent images of the entire PG/NG complex from each animal were captured with a CCD camera (Photometrics CoolSnap FX; Photometrics, Tucson, AZ) attached to a fluorescent microscope (Nikon Eclipse E-400; Nikon, Tokyo, Japan) and stored in IPLab version 3.5 image analysis program. After subtracting for background fluorescence and normalization, gray level intensities for 200 ganglion cells in the PG/NG complex were measured, for each animal and each oxygen exposure. A mean gray level intensity in artificial units (a.u.) was determined for each animal, for each oxygen exposure, in each of the two age groups. Differences were determined by one-way ANOVA with posthoc analysis using the SPSS statistical program (SPSS Inc., Chicago, IL). Significance was set at p Յ 0.05 for post hoc analysis.
RESULTS
After 24 h in slice culture, the carotid body and PG/NG complexes showed no evidence of tissue disruption as observed with Hoffman-contrast microscopy ( Fig. 1 ). Increasing O 2 tension augmented the level of ROS in PG/NG neurons in tissues from both age groups, as shown qualitatively for two representative animals at DOL 5 ( Fig. 2 , A-C) and DOL 17 ( 3B ). However, the magnitude of increased ROS level in response to increasing O 2 tension differed between the two age groups. As demonstrated in Figure 4 , in the younger animals, the greatest increase in ROS level was 84.7 Ϯ 2.0% from hypoxia to hyperoxia (p Ͻ 0.001, ANOVA). Normoxic exposure increased ROS levels in PG/NG neurons by 19.2 Ϯ 1.2% in Mean ROS levels in response to varying O 2 tension. Bar graph depicts fluorescence intensity in PG/NG neurons in response to oxygen tension for (A) DOL 5-6 (n ϭ 10) and (B) DOL 17-18 (n ϭ 9). Gray-level intensities increased with increasing levels of oxygen tension, with the greatest increase noted in the PG/NG cell bodies that were exposed to hyperoxic conditions. p Ͻ 0.001.
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comparison to hypoxic exposure (p Ͻ 0.01, ANOVA) with a further increase of 54.8 Ϯ 1.8% from normoxia to hyperoxia (p Ͻ 0.001, ANOVA). In the older animals, normoxic exposure increased ROS levels in PG/NG neurons by 8.2 Ϯ 2.0% in comparison to hypoxic exposure (p Ͻ 0.01, ANOVA) with a further increase of 31.2 Ϯ 1.8% from normoxia to hyperoxia (p Ͻ 0.001, ANOVA). The greatest increase in ROS level was only 42.2 Ϯ 2.0% from hypoxia to hyperoxia (p Ͻ 0.001, ANOVA) in the older age group, which contrasted with the 84.7% increase from hypoxia to hyperoxia, which was observed in the younger animals.
In response to hyperoxia, in the presence of the antioxidants NAC and TEMPO-9-AC, gray-level intensity representing ROS levels decreased by 18% Ϯ 3.3 when compared with control levels, in tissues removed from animals at DOL 5-6. In contrast, in the presence of these antioxidants, ROS levels decreased by only 10.9 Ϯ 2.2% in the tissues of animals at DOL 17-18 versus DOL 5-6 ( Fig. 5 ; p Ͻ 0.001).
The relationship between the increase in tissue levels of ROS and cell death was determined by the number of cells that were positive for PI fluorescence as a function of oxygen tension. PI, a highly polar fluorescent molecule, penetrates damaged plasma membranes and binds irreversibly to DNA. NAC and TEMPO-9-AC attenuated the increase in levels of ROS and the number of PI positive PG/NG cells in response to increasing oxygen taken from rat pups at DOL 5-6 and 17-18, shown qualitatively for a representative animal at DOL 5 ( Fig. 6) and 17 (Fig. 7) and quantitatively for all animals in Figure 8 . For rats at DOL 5-6, the gray-level intensity, representing damaged cells, of the PG/NG neurons was 169.2 Ϯ 1.2 for hypoxia, 185.6 Ϯ
Electron microscopy demonstrated that the ganglion cells in the PG/NG complex had extensive signs of cell damage to the ultrastructure, as shown in the electron photomicrograph of a representative tissue slice taken from one animal at DOL 5 after exposure to normoxia and hyperoxia, in Figure 9 , A and B, respectively. A graded pattern of damage throughout the tissue slice was seen with some cells showing mitochondrial swelling, condensation of chromatin with minimal vacuolization of the cytoplasm while other cells showed extensive vacuolization and necrosis. Ganglion cells were also damaged in tissue sections exposed to hyperoxia from older animals, data not shown.
DISCUSSION
Using the novel technique of organotypic slices of the PG/NG complex, our data are the first to show a direct Bar graph depicting developmental increases in relative percentage difference in gray-level intensity as a function of changes in oxygen tension. The percentage differences were greater for the younger animals (solid bars, n ϭ 10) than the older animals (striped bars, n ϭ 9), with the greatest relative difference demonstrated in the hypo-hyperoxia comparison. p Ͻ 0.001. Figure 5 . Attenuation of ROS levels in the presence of NAC and TEMPO-9-AC. Inverted bar graph depicting a decrease in ROS levels in cell bodies in the PG in the presence of 20 mM NAC and 10 M TEMPO-9-AC, when exposed to hyperoxic conditions. Younger animals (n ϭ 4) had a greater percentage reduction in ROS levels than the older animals (n ϭ 4). p Ͻ 0.001, Bonferroni correction. correlation between the level of O 2 tension exposure and ROS production in PG/NG neurons. Furthermore, we show that tissues removed from rat pups within the first week of life have a greater level of ROS in PG/NG neurons in response to hyperoxia than do older rat pups. Additionally, ROS levels were attenuated by the antioxidants, NAC and TEMPO-9-AC, to a greater extent in the younger animals versus that of older animals. Cell death, as measured by PI fluorescence, increased with exposure to increasing O 2 tension in the younger animals. Although the older animals also had an increase in cell death with increasing oxygen tension, they had comparatively less cell death than the younger animals at the higher oxygen tensions. Our electron microscopy studies demonstrate that increasing oxygen tension damages cells that are the soma of the ganglion cells in the PG/NG complex. Some of these soma are most likely from chemoafferent cells. Increased tissue levels of ROS within chemoafferent cell bodies may account for histologic evidence of cytotoxicity and ablation of hypoxic chemosensitivity in these cells, in newborn rats exposed to hyperoxia (10) .
Dissociated cell cultures of lung and brain are used to examine the effects of varying O 2 tension levels on ROS production and cell damage (for review, see Ref. 11) . ROS production in nodose ganglia during acute hypoxia in 100-m slice cultures from adult rats has been described (12) . In the present study, we used 45-m organotypic slices of the PG/NG from newborn rats to ascertain the effect of varying oxygen levels on tissue levels of ROS. Our technique has several advantages over assays using dissociated cells in culture and thicker organotypic slices, which include maintaining the ultrastructure of the peripheral arterial chemoreceptor complex while still allowing for uniform diffusion of O 2 and reagents to the target cells. Using thinner organotypic slices, we are able to further delineate the effects of hyperoxia on the PG/NG complex in a neonatal rat model that corroborates previous histologic findings described by Erickson et al. (8) in the rat carotid body and nerve fibers and cell bodies of chemoafferents.
ROS, e.g. superoxide and hydroxy radicals, are constantly generated as byproducts of cellular oxidative metabolism, but their production is increased in various pathologic states, and also upon exposure to exogenous oxidants, such as hyperoxia (13) . The short half-life and the high reactivity of ROS limit the direct detection of these compounds in vivo. As radicals have an unpaired electron, direct detection of radicals is possible by electron spin resonance (ESR), but the concentrations of radicals reached in living tissue are below the detection limit of this method. Fluorometric and luminescencebased assays, thus, are used to measure these radicals in tissues and cells. Fluorometric techniques, different to luminescence measurements, allow the topolocalization of ROS in relatively small tissues and at small production levels (14) . We used a derivative of reduced fluorescein and calcein as cellpermeant indicator for ROS. Chemically reduced and acety- Percentage differences for cell death using PI in response to O 2 tension. Bar graph depicting developmental increases in relative percentage difference in gray-level intensity as a function of changes in oxygen tension. The percentage differences were greater for the younger animals (solid bars, n ϭ 10) than the older animals (striped bars, n ϭ 9) except for hypoxia to normoxia, with the greatest relative difference demonstrated in the hypohyperoxia comparison. p Ͻ 0.001, Bonferroni correction. Figure 9 . Electron micrograph of petrosal ganglion cells after exposure to normoxia (A) and hyperoxia (B). Ganglion cells exposed to normoxia have intact nuclear and cellular membranes, and normal-appearing chromatin and nucleoli. Prominent ribosomes are seen throughout. Ganglion cells exposed to hyperoxia demonstrate severe injury, including condensation of chromatin along the nuclear membrane, rarefaction, and vacuolization of the cytoplasm. No intact mitochondria are found in the hyperoxia exposed cell. 374 lated forms of 2=,7=-dichlorofluorescein (DCF) and calcein are nonfluorescent until the acetate groups are removed by intracellular esterases and oxidation occurs within the cell. Esterase cleavage of the lipophilic blocking groups yields a charged form of the dye that is much better retained by cells than is the parent compound. Oxidation of these probes are then detected by monitoring the increased fluorescence with a fluorescence microscope, using excitation sources and filters appropriate for fluorescein (FITC).
Increased ROS levels may lead to cell death accounting for the reduction in the number of chemoafferents in newborn animals exposed to hyperoxia. Our data, using PI, corroborates Erickson et al. (8) findings that there was a decrease in the number of chemoafferents after exposure to hyperoxia. PI is a fluorescent dye that is membrane impermeant and generally excluded from viable cells. It binds to DNA by intercalating between the bases with little or no sequence preference and once bound to nucleic acids, its fluorescence is enhanced 20-to 30-fold. PI is commonly used for identifying dead cells in a population, and in this study, it was used to determine the relationship between cell death and levels of ROS in PG neurons and varying oxygen tension in both the younger and older animals. PI fluorescence was increased with increasing oxygen tension, indicating that not only does hyperoxia increase levels of ROS, but that there is histologic evidence of damage to the cells. Additionally, our data suggest a developmental response to oxidative stress with older animals having less cell death than do younger animals for all of the conditions that were tested. The presence of NAC and TEMPO-9-AC attenuated this response, which also suggests an association between increased ROS levels and cell death.
Antioxidants attenuated the level of ROS production in response to hyperoxia. Both NAC and TEMPO-9-AC have antioxidant activities that may contribute to protection against oxidative stress. NAC scavenges free radicals and augments intracellular levels of glutathione (15) . TEMPO-AC-9 is a nitroxide that acts as an antioxidant detoxifying ferryl heme species, facilitating heme-mediated catalytic removal of H 2 O 2 , trapping carbon-centered radicals and terminating radical chain reactions. However, the most important mechanism is that nitroxides inhibit oxidative damage by removing both extra-and intracellular O 2 ⅐Ϫ (16). Our findings demonstrate antioxidants are more effective in preterm versus term rat pups. This may be due to reduced production of antioxidants, increased production of oxidative species, or a decrease in antioxidant activity (17) . Our data do not allow use to speculate how a particular antioxidant may affect hyperoxic damage in the peripheral arterial chemoreceptors in human infants. Of interest, the use of NAC in preterm infants during the first week of life has not been shown to reduce the incidence of bronchopulmonary dysplasia (18, 19) , another morbidity of premature birth that is associated with hyperoxic exposure. Preterm infants may not effectively deacetylate NAC to cysteine, which is necessary for the molecule to function as a precursor for glutathione (20) .
Perinatal hyperoxic exposure severely depresses hypoxic chemosensitivity, as recorded from carotid sinus nerves of kittens (21) and adult rats (10), suggesting impairment of carotid body chemoreflex. Prolonged exposure of newborn rats to 60% O 2 results in marked chemoafferent neuron degeneration as well as carotid body hypoplasia and blunting of the hypoxic chemoreflexes (6, 8) . Several potential mechanisms have been proposed by which chronic hyperoxia leads to ablation of hypoxic chemosensitivity, carotid body hypoplasia, and a reduced number of chemoafferents. These models suggest that prolonged perinatal hyperoxia could decrease the size of the carotid body by directly attenuating cell proliferation, or inducing cell death. Whereas it is known that the carotid body has trophic influences on chemoafferent neurons (22, 23) , hyperoxia may not be selective in its effects and could have a direct influence on chemoafferent neurons within the PG/NG complex itself. Our data suggest that PG/NG neurons taken from neonatal rats and exposed to hyperoxia may respond similarly to previous findings by Erickson et al. (8) in the rat carotid body in response to hyperoxia and that even at normoxic levels of oxygen tension increased cell death and higher levels of ROS occur.
We have interpreted our data being aware of the following potential limitations of the technique and method. Due to the small size of the tissues in the younger animals, we chose not to try to separate the nodose from petrosal ganglia before embedding the tissue in the agar blocks to achieve good morphology with little tissue disruption. Thus, we show that hyperoxia affects ROS levels in both nodose and petrosal ganglion neurons. The increase in tissue levels of ROS, using the fluorometric technique, does not allow us to determine whether there is an increase in production versus a decrease in antioxidant. Lastly, because the data from Erickson et al. demonstrated that there was a 41% reduction in chemoafferents in response to hyperoxic exposure, we chose to determine whether there was a direct effect of hyperoxia on ROS levels in chemoafferents and did not systematically assay for changes in ROS levels in the carotid body.
In conclusion, using a novel technique of organotypic slices of the PG/NG, our data show a direct correlation between the level of oxygen tension exposure to cell bodies of chemoafferent neurons and ROS levels. Increased ROS levels within chemoafferent cell bodies may account for histologic evidence of cytotoxicity and ablation of hypoxic chemosensitivity in newborn animals that is life-long. Our data may be relevant to disorders of respiratory control that have been described in premature infants. Premature infants with chronic lung disease have blunted chemoreceptor responses (7). In the preterm neonate, oxygen-based postnatal therapy is necessary to maintain levels of arterial PO 2 within normal limits. However, the premature infant has reduced defense capabilities to free radical damage, thereby resulting in oxidative injury to developing tissues (17) . Thus, the preterm neonate is more vulnerable to disorders of antioxidant-prooxidant balance and disorders of physiologic function as a result of cellular and tissue injury from free radicals, including the persistence of the arterial ductus, persistent pulmonary hypertension, necrotizing enterocolitis, retinopathy of prematurity, chronic lung disease, hypoxic-ischemic encephalopathy, and intraventricular hemorrhage. We speculate that blunted chemoreceptor responses in newborn infants with chronic lung disease may be related to 375 hyperoxia-induced cytotoxicity of key cells and neurons in the peripheral arterial chemoreceptors and that normoxic exposure of the premature infant may potentially induce cytotoxic effects upon these same cells and neurons.
